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In-plane magnetic field B has been used to change pseudospin properties. Murphy et al. showed evidence of a Binduced phase transition in the bilayer ν = 1 QH state: as B is increased, the activation energy gap drops when B is smaller than a critical value B C and then stays almost at a constant value for larger B [8] . This phase transition is understood as a commensurate-incommensurate (C-IC) transition [7] . The presence of B periodically shifts the interlayer phase difference of electrons between the two layers ϕ. In pseudospin language, while the z-component of pseudospin, P z , vanishes at the balanced density configuration, the in-plain components of the pseudospin, P x and P y , are related to the interlayer phase difference: ϕ = arctan(P y /P x ). For B < B C , pseudospins rotate along the planar direction following the periodically shifting ϕ. This is the C phase, where the tunneling energy is minimized. In the C phase, since neighboring pseudospins are no longer parallel, the pseudospin exchange energy increases with B . In the limits of large B , pseudospins are uniformly polarized to minimize the exchange energy. This is the IC phase in the large B limit. Pseudospin configurations in these phases are illustrated in Fig. 4 . Theories have suggested that in the IC phase for any finite B > B C there exists a domain structure of pseudospins [9, 10, 11, 12, 13, 14, 15] (also illustrated in Fig. 4) . A domain structure is theoretically derived from the sine-Gordon equation, as well as from an isolated soliton solution. Thus we call the domain structure a "soliton lattice" and the domain wall a "pseudospin soliton". At the pseudospin soliton, a direction of pseudospin ϕ slip by 2π around a magnetic flux penetrating between the two layers. Therefore ϕ has a repetitive stepwise function of the position. An abrupt change of ϕ over the small distance at the domain wall costs the large gradient energy and causes repulsive interactions between solitons, which stabilize the pseudospin soliton into a soliton lattice in the low temperature limit. The formation and properties of the soliton lattice are directly related to the pseudospin ferromagnetism, and their experimental investigation is essential for understanding the bilayer ν = 1 QH state.
In this Letter, we report the observation of an anomalous peak in the longitudinal resistance R xx with a well-developed QH plateau in the Hall resistance R xy around the C-IC transition point in the bilayer ν = 1 QH state. The R xx at the peak changes with the angle φ between the direction of B and the current I, following a sinusoidal function. We interpret this anisotropic transport as a formation of the soliton lattice aligned parallel to B . Temperature dependence of the R xx peak reveals that the dissipation is caused by thermally fluctuating pseudospin solitons. We construct a phase diagram of the bilayer ν = 1 QH system as a function of B and the total electron density n T . We also show that pseudospin solitons disappear when the bilayer system is off-balanced.
We used two double-quantum-well samples with 20-nmwide GaAs quantum wells. The tunneling energy is ∆ SAS = 11 K for sample A and 8 K for sample B [16] . Low-temperature mobility is 1.0 × 10 2 m 2 /Vs at n T = 1.0 × 10 15 m −2 for both samples. By adjusting the front-and back-gate biases, we can independently control n T and the density imbalance σ ≡ (n f − n b )/n T between the two layers, where n f (n b ) denotes the electron density in the front (back) layer. The samples were mounted in the mixing chamber of a dilution refrigerator with a base temperature of 40 mK. Measurements were performed using standard low-frequency AC lock-in techniques. To apply B , the samples were tilted in the magnetic field B tot by a goniometer with a superconducting stepper motor [17] . We define the tilting angle θ as tan θ = B /B ⊥ , where B ⊥ is the perpendicular magnetic field. To investigate anisotropic transport, we placed sample B on a two-axis goniometer, for which both θ and φ can be controlled independently (the angles are given in the inset of Fig. 2(a) ).
In Figs. 1(a) , (c), and (e), we present R xx as a function of B tot and n T near the ν = 1 QH state for three tilted angles in a balanced density condition (σ = 0). Yellow areas indicate small R xx and thus QH states. Dashed lines lie just on the filling factor ν = 1. The R xx at ν = 1 (along the dashed (Figs. 1(a) and (b) ), the bilayer ν = 1 QH state collapses as n T is increased. This transition from the bilayer ν = 1 QH state to the compressible state is known to be induced by strong intralayer interactions for larger n T [8] . The QH state corresponds to the C phase because B is small. When B is increased with θ , a narrow QH region for the IC phase appears between the C and compressible states (Figs. 1(c) and (d) ). We confirmed that this transition point exactly corresponds to the C-IC phase transition point by the activation energy measurements as a function of θ with fixed n T (inset of Fig. 1(d) ) [18] . As the sample is tilted further, the small R xx regions for the C and IC phases are separated by the region having a relatively large R xx (Figs. 1(e) ). This appears as a sharp peak in the R xx plot along ν = 1 ( Fig. 1(f) ).
To investigate the origin of the R xx peak, we studied the anisotropic magnetotransport with respect to the angle φ between B and I (Fig. 2(a) ). Temperature was kept relatively high at T = 300 mK. When I is parallel to B (φ = 0 o ), the R xx shows a well-developed minimum for the bilayer ν = 1 QH state. However, as φ is increased, a peak in R xx grows and becomes maximum when I is orthogonal to B (φ = 90 o ). Figure 2(b) shows the magnetoresistance at the peak R peak xx as a function of φ . The data is well fitted by a sinusoidal function:
As T is decreased, although A decreases, R xx (φ = 0
• ) decreases more rapidly and thus the anisotropic ratio increases [ Fig. 2(c) ].
The observed φ dependence of R xx indicates the formation of a stripe-shaped structure parallel to B around the C-IC phase transition point. We ascribe it to the domain structure of pseudospins, i.e. the soliton lattice. When φ = 0 • , current flows parallel to pseudospin solitons. As φ is increased to 90 • , the number of solitons that cross the current increases. The fact that R peak xx is minimum at φ = 0 • and maximum at φ = 90 • indicates that electrons are backscattered when they cross a pseudospin soliton. This anisotropy is reminiscent of the conventional spin-induced giant magnetoresistance (GMR) [19] , although in this system anisotropic spin-dependent scattering of the carriers is maximized when the magnetic moments of the ferromagnetic layers are anti-parallel.
To get further insight into the dissipation mechanism of pseudospin solitons, we measured the temperature (T ) dependence of R xx and R xy . Figures 3(a) and (b) show R xx and R xy as a function of B tot , respectively, for several values of T . When T = 53 mK, R xx is vanishingly small at ν = 1. As T increases, a clear peak appears around ν = 1 for T ≥ 150 mK. The R peak xx is plotted in Fig. 3(c) as a function of temperature. On the other hand, the Hall plateau is well developed even at T = 300 mK [ Fig.3(b) ], showing that the anomalous peak in R xx occurs in the QH regime.
The temperature dependence of R xx at ν = 1 can be explained by fluctuations of the soliton lattice. At the low temperature limit, solitons form a lattice, making a perfect periodic potential, that is, a Bloch state. In such a system, there is no dissipation because there is no backscattering of electrons in a perfect periodic system. This agrees with the experimental result of R xx ∼ 0 at low temperature. At higher temperature, since the soliton lattice fluctuates thermally, the perfect periodicity of soliton lattice is lost and then backscattering occurs by individual fluctuating solitons. As a result, R xx increases with temperature. Fluctuations of solitons also affect the anisotropic ratio. At higher temperature, not only the separation but also the orientation of solitons fluctuate, which make the anisotropy unclear. The anisotropic ratio decreases with increasing temperature and is consistent with the experimentally obtained temperature dependence of the anisotropic ratio (Fig.2(c) ). On the other hand, fluctuations of solitons never affect the incompressibility of domains between solitons, and the Hall plateau develops even when backscattering occurs.
We construct a phase diagram for the bilayer ν = 1 QH state in the B -n T plane at a finite temperature T = 130 mK (Fig. 4) . The C-IC phase boundary (solid line) is obtained by collecting (B , n T ), where R xx starts to increase as indicated by solid arrows in Figs. 1(d) and (f) . We divide the IC phase for B > B C into two regions, that is, the non-dissipative and dissipative regions. The boundary (dashed line) between the two regions is defined by (B , n T ) that gives a local minimum of the derivative of R xx with respect to n T (dashed arrow in Fig. 1(f) ). The narrow dissipative region appears along the boundary to the C phase. We discuss the B dependence of R xx in the IC phase. At a finite temperature, R xx in the IC phase is determined by the stiffness of the soliton lattice, which is related to the density of soliton n S . Near the phase boundary to the C phase, n S is small and the lattice is soft. Therefore, at a finite temperature, the fluctuations of solitons are large, leading to large R xx . As B is increased, the stiffness increases with n S and, at some point, the lattice of soltions is formed. Thus we refer to the dissipative and non-dissipative regions as a dissipative soliton (DS) region and a non-dissipative soliton lattice (NDSL) region, respectively. The phase diagram shows that the DS region appears narrowly along the boundary to the C phase. Theories [ 13, 14] show that n S starts to increase at B = B C and proliferates rapidly until the distance between solitons becomes comparable to the width of a soliton. The rapid increase in n S explains the narrow DS region along the phase boundary. Once the spacing between solitons are equal to the domain width, the interlayer phase difference of electrons is constant at every place, pseudospins are polarized and the system is regarded as a pure incommensurate phase, illustrated in Fig. 4 . Since the R xx in the pure incommensurate phase also vanishes, it is observed experimentally in the NDSL region. Note that the Kosterlitz-Thouless (K-T) transition between the soliton lattice and liquid was theoretically predicted [14, 15] . According to the theory, it may be possible to translate the DS region into a soliton liquid phase. However, our R xx data show no criticality. This may be due to the particularity of the K-T transition that any thermodynamic quantity does not jump at the transition point. More detailed theoretical work for the n S and T dependence of R xx would clarify the existence of the K-T transition.
Finally, we investigate effects of the density imbalance σ between the two layers. Figure 5 shows R xx in a surface plot as a function of σ and n T . The data were taken by sweeping both σ and n T while keeping the filling factor ν = 1 at θ = 57.9 • and φ = 90 • . Pseudospin solitons appear as a peak in R xx around σ = 0 and n T = 0.61 × 10 15 m −2 . The inset of Fig. 5 shows the slice at n T = 0.61 × 10 15 m −2 . For |σ | > 0.2, R xx almost vanishes, which indicates that pseudospin solitons are unstable. The instability would be due to the reduction of the pseudospin stiffness proportional to 1 − σ 2 [10, 14] . However, this dependence is not sufficient to explain the observed strong σ dependence of R xx . Further quantitative theoretical investigation is needed to reveal the structure of pseudospin solitons in an off-balanced system.
In conclusion, we have carried out magnetotransport measurements around the C-IC transition in the bilayer ν = 1 QH state. We found an anomalous peak in R xx near the C-IC transition point. This peak has a highly anisotropic nature, which indicates that pseudospin solitons are formed along the direction of B . The temperature dependence of R xx and R xy reveals that thermally fluctuated pseudospin solitons solidify into a rigid soliton lattice at low temperature. The phase diagram constructed experimentally in the n T -B plane shows that the dissipation occurs only in a narrow region just near the C phase. We also found that pseudospin solitons are very sensitive to the charge imbalance.
